DNA topoisomerase I (top1) is the target of potent anticancer agents, including camptothecins and DNA intercalators, which reversibly stabilize (trap) top1 catalytic intermediates (cleavage complexes). The aim of the present study was to define the structural relationship between the site(s) of covalently bound intercalating agents, whose solution conformations in DNA are known, and the site(s) of top1 cleavage. Two diastereomeric pairs of oligonucleotide 22-mers, derived from a sequence used to determine the crystal structure of top1-DNA complexes, were synthesized. One pair contained either a trans-opened 10R-or 10S-benzo[a]pyrene 7,8-diol 9,10-epoxide adduct at the N 6 -amino group of a central 2-deoxyadenosine residue in the scissile strand, and the other pair contained the same two adducts in the nonscissile strand. These adducts were derived from the (؉)-(7R,8S,9S,10R)-and (؊)-(7S,8R,9R,10S)-7,8-diol 9,10-epoxides in which the benzylic 7-hydroxyl group and the epoxide oxygen are trans. On the basis of analogy with known solution conformations of duplex oligonucleotides containing these adducts, we conclude that top1 cleavage complexes are trapped when the hydrocarbon adduct is intercalated between the base pairs flanking a preexisting top1 cleavage site, or between the base pairs immediately downstream (3 relative to the scissile strand) from this site. We propose a model with the ؉1 base rotated out of the duplex, and in which the intercalated adduct prevents religation of the corresponding nucleotide at the 5 end of the cleaved DNA. These results suggest mechanisms whereby intercalating agents interfere with the normal function of human top1.
D
NA topoisomerase I (top1) is an essential enzyme in higher eukaryotes (1, 2) . It can relax DNA supercoiling and relieve torsional strain during DNA processing, including replication, transcription, and repair. It can also perform intermolecular religation leading to DNA recombinations (3, 4) . The catalytic intermediate of top1 is a cleavage complex in which a tyrosine (Tyr-723 for human top1) in the enzyme attacks a DNA phosphodiester and forms a covalent bond to the phosphorus at the 3Ј side of the cleavage site while a 5Ј-hydroxyl is generated at the other side (1, 2) . The reaction occurs with short duplex oligodeoxynucleotides (5, 6) , as evidenced by recent crystal structures of top1-DNA complexes (7, 8) .
top1 is the cellular target of several anticancer drugs, including the camptothecins, which have recently been approved by the Food and Drug Administration for the treatment of colon and ovarian carcinomas. The anticancer activity of these drugs results from the trapping of top1 cleavage complexes such that the enzyme is reversibly inactivated as it cleaves DNA (9) (10) (11) . These agents are often referred to as ''top1 poisons.'' They represent an exemplary case of pharmacological interference whereby the drug stabilizes the interactions of two macromolecules (i.e., top1 and DNA) by formation of a ternary complex. Because of the clinical efficacy of camptothecins, novel top1 inhibitors are being actively pursued. Among them, some DNA intercalators are potent top1 poisons, and two of them, intoplicine and the indolocarbazole derivative NB-506, have been introduced in clinical trials (for a review see ref. 2) .
The aim of the present study was to define the structural relationship between the site(s) of intercalated adducts and the site(s) of top1 cleavage. We synthesized oligonucleotides similar in sequence to those used to determine the crystal structures of top1-DNA complexes (7, 8) . This sequence is derived from Tetrahymena R-chromatin at a previously identified and wellcharacterized top1 cleavage site (12) (13) (14) . To obtain DNA oligonucleotides with intercalated adducts at selected positions relative to the normal top1 cleavage site, single trans-opened benzo[a]pyrene (BaP) diol epoxide (DE-2, benzylic 7-hydroxyl group and epoxide oxygen are trans) adducts at N 6 of dA ( Fig.  1) were incorporated at the ϩ1 position of the upper, scissile, strand, replacing a dG residue in the normal substrate (see Fig.  2A ). In a second set of experiments using the normal sequence (15), the trans-opened BaP DE-2 dA adducts were introduced at the Ϫ1 position (lower, nonscissile, strand) relative to the normal top1 cleavage site (Fig. 5A) . trans-opened BaP DE-2 adducts at N 6 of dA were selected because several NMR studies have shown that such adducts intercalate into the DNA without significant disruption of the DNA structure, whereas the previously studied (15) trans-opened BaP DE-2 adducts at N 2 of dG lie in the minor groove (16) . trans-R dA adducts are intercalated toward the 5Ј side of the modified base (17) (18) (19) (20) (21) . Although the evidence is less compelling for trans-10S-BaP DE-2 dA adducts, such adducts are thought to intercalate toward the 3Ј side of their adducted base (22, 23) . Thus, four unique structural motifs with intercalated adducts (compare Figs. 2 A and 5A) were available for study. We assume that binding of top1 to these duplexes does not markedly alter their solution conformation. The present results demonstrate that intercalation between the base pairs at either the normal top1 cleavage site or immediately 3Ј from this site efficiently traps top1 cleavage complexes.
Materials and Methods
Enzymes and Chemicals. Human recombinant top1 was purified from baculovirus-infected insect cells as described previously (13 -BaP-dA phosphoramidites). Syntheses were carried out on a 2-mol scale by using an automated DNA synthesizer to generate the sequence 3Ј to the modified nucleotide followed by a manual step (24, 25) (8-10 mol phosphoramidite, 50 l of 0.5 M 4,5-dicyanoimidazole in CH 3 CN, 20 h at room temperature) for the coupling of the diastereomeric trans-N 6 -BaP-dA phosphoramidites. Efficiency for the manual coupling step ranged from 15% to 20% (determined by a spectrophotometric (495 nm) assay of the 4,4Ј-dimethoxytrityl cation released upon detritylation of the coupling product).
The upper-and lower-strand oligonucleotide 22-mers containing trans-N 6 -BaP-dA adducts were purified by reverse-phase HPLC on a Zorbax Eclipse XDB-C18 column or a Hamilton PRP-1 column, which separated the trans 10R-and 10S-adductcontaining oligonucleotides derived from the diastereomeric trans-N 6 -BaP-dA phosphoramidites (supplemental material at www.pnas.org). Isolated yields ranged from 5 to 6 A 260 units of each oligonucleotide. The synthesized oligonucleotide 22-mers gave the expected mass spectra for the upper strand (C 239 H 286 N 87 O 128 P 21 , mass 7076) and lower strand (C 237 H 290 N 71 O 137 P 21 , (mass 6976). Assignment of the absolute configuration for the trans-N 6 -BaP-dA adducts in the oligonucleotides was based on the circular dichroism (CD) spectra of the oligonucleotides (supplemental material at www.pnas.org), which showed positive long-wavelength (300-350 nm) bands for 10R-and negative bands for 10S-adducted oligonucleotides (26) . The long-wavelength band for the late-eluting lower-strand oligonucleotide was extremely weak. Thus, this oligonucleotide was digested to the nucleoside level with calf spleen phosphodiesterase followed by alkaline phosphatase (27) , and its configurational assignment was confirmed to be 10R on the basis of comparison of its CD spectrum with the spectra of the previously characterized trans-10R-and 10S-N 6 -BaP-dA adducts from DE-2 (28, 29) .
The three oligonucleotide size markers 5Ј-A*GA AAA ATT TTT-3Ј, 5Ј-T A*GA AAA ATT TTT-3Ј, and 5Ј-TT A*GA AAA ATT TTT-3Ј used for identifying the site of cleavage in the upper strand were synthesized by the same method. Details of the chromatographic separations as well as CD spectra of the adducted 12-, 13-, and 14-base markers are given in the supplemental material at www.pnas.org. top1 Reactions. Single-stranded oligonucleotides were 3Ј-endlabeled with [ 32 P]cordycepin (4, 13) . Annealing to the complementary strand was performed in 1ϫ annealing buffer (10 mM Tris⅐HCl, pH 7.8͞100 mM NaCl͞1 mM EDTA) by heating the reaction mixture to 95°C and overnight cooling to room temperature.
DNA substrates (approximately 50 fmol per reaction) were incubated with 5 ng of top1 with or without camptothecin for indicated times at 25°C in 10 l of reaction buffer (10 mM Tris⅐HCl, pH 7.5͞50 mM KCl͞5 mM MgCl 2 ͞0.1 mM EDTA͞15 g/ml BSA, final concentrations). Reactions were stopped by adding sodium dodecyl sulfate (SDS; final concentration 0.5%). For the heat reversal experiments, the SDS stop was preceded by transferring the samples to a heat block at 65°C for the indicated times. Sequencing of DNA oligonucleotides was performed by using the Maxam-Gilbert purine sequencing protocol (30) .
Before loading the sample for electrophoresis, 3.3 vol of Maxam-Gilbert loading buffer (98% formamide͞0.01 M EDTA͞10 mM NaOH͞1 mg/ml xylene cyanol͞1 mg/ml bromophenol blue) was added to reaction mixtures. Denaturing 16% polyacrylamide gels (7 M urea) were run at 40 V͞cm at 50°C for 2-3 h and dried on 3MM Whatman paper sheets. Imaging was performed with a PhosphorImager (Molecular Dynamics).
Modeling the Trapping of a top1 Cleavage Complex by the Adducted

DNA.
The model was generated by using Insight II Molecular Modeling System (Molecular Simulations, Waltham, MA). Two structures were aligned: the NMR structure of a DNA duplex that contains a trans-10R BaP DE-2 dA adduct (BaP-DNA) (20) and the x-ray crystal structure of human top1 covalently complexed with a double-stranded DNA substrate (7). The unadducted strand of the BaP-DNA was aligned with the scissile DNA strand in the top1 covalent complex. Then the display for the BaP-DNA unadducted strand was turned off, as was the display for the nonscissile strand DNA in the top1 crystal structure. The resulting DNA duplex is composed of the adducted strand from the BaP DNA, and the scissile strand from the top1 crystal structure. The base sequence of the adducted strand was modified to match the sequence of the top1 substrate used in this study. Modifications were made to the bond angles for the ϩ1 and ϩ2 bases to orient the bases in the two strands for hydrogen bonding.
Results
Accumulation of top1-Mediated DNA Cleavage Complexes by BaP Intercalation Either at, or Immediately 3 from, the top1 Cleavage Site.
We first examined the effect of either a single trans-R or trans-S dA adduct at position ϩ1 in the scissile (upper) strand (Fig. 2 ) on top1-mediated DNA cleavage. Study of an intercalated adduct at this position necessitated replacing G with A in the upper strand of the normal substrate (see Figs. 2 A and 5) (15). The oligonucleotides were labeled at their 3Ј terminus with [␣-32 P]cordycepin (see Fig. 2 ) to identify unambiguously the DNA cleavage fragments generated by top1. Analysis of the fragments derived from the 3Ј end of the 22-mer substrate was the method of choice because these fragments are free oligonucleotides, whereas the fragments derived from the 5Ј end of the substrate are linked covalently to the enzyme at their 3Ј ends (1) (see supplemental material at www.pnas.org).
The unmodified 22-mer oligodeoxynucleotide (Fig. 2) was efficiently cleaved by human top1 at the expected site in the presence of camptothecin (7, 12) . DNA cleavage was between the T and A bases (caret in Fig. 2 A) (13, 14) . The resulting 3Ј-cleavage product is a 13-mer fragment including the [␣-32 P]cordycepin (Fig. 2B, control, lane 3) .
We prepared oligonucleotides in which the dA residue immediately 3Ј from the top1 cleavage site (position ϩ1) was replaced with either of the two isomeric BaP DE-2 dA adducts: the trans-S or trans-R adduct (Fig. 1) . For the trans-R isomer, the aromatic portion of the BaP is intercalated at the cleavage site on the 5Ј side of the adducted base (between positions Ϫ1 and ϩ1). In contrast, the trans-S isomer is expected to have a reverse orientation (intercalation between positions ϩ1 and ϩ2; see Fig.  2 A) . Comparison of lanes 1-3 in Fig. 2B demonstrates that top1-mediated DNA cleavage products were observed in the scissile strand with both the trans-R-and trans-S-adducted oligonucleotides and, notably, were not significantly enhanced by the presence of camptothecin. Neither of the BaP dA adducts induced cleavage of the nonscissile DNA strand (Fig. 2B) . Together these results demonstrate that both the trans-R and trans-S dA adducts efficiently increase top1 cleavage complexes on the scissile strand of the DNA independently of camptothecin.
The adduct-containing DNA fragments derived from cleavage of the modified scissile strand migrated more slowly than the 13-mer fragment observed with the control oligonucleotide in the presence of camptothecin. Thus, the top1-mediated DNA cleavage sites were unambiguously identified by comparison of these fragments with a series of short synthetic oligonucleotides containing either the trans-R or the trans-S dA adduct (Fig. 3A) . For both adducts, top1-mediated DNA cleavage was at the same site as in the normal oligonucleotide-i.e., between T(Ϫ1) and A(ϩ1) in the center of the sequence (caret in the sequence of the control oligonucleotide C in Fig. 3A) . In addition, a weak 15-mer band was detectable. Cleavage products containing a trans-S adduct migrated slightly more slowly than did the corresponding fragments containing a trans-R adduct. Differences in electrophoretic migration for oligonucleotides containing R-versus S-BaP DE adducts have been noted previously (31, 32) .
Together these results demonstrate the marked accumulation of top1 cleavage complexes by intercalation of BaP DE adducts at the normal top1 cleavage site (between positions Ϫ1 and ϩ1 for the trans-R BaP dA adduct, see Fig. 2 A) , and between the ϩ1 and ϩ2 base pairs (for the corresponding trans-S BaP dA adduct at position ϩ1).
Accumulation of top1-Mediated Cleavage Complexes by Intercalated
BaP DE-2 dA Adducts Is Caused by Inhibition of Religation. Anticancer drugs (intercalators and camptothecins) poison top1 by inhibiting religation of the top1 cleavage complexes (2) . To determine whether the present intercalated trans-N 6 -BaP-dA adducts at position ϩ1 on the scissile strand had a similar effect, the heat stability of the top1 cleavage complexes was examined. Heat treatment is commonly used to shift the equilibrium of the top1-DNA complexes from cleavage complexes to religation (33) . Fig. 4 shows that the substrates containing BaP dA adducts produce top1 cleavage complexes that persist in the presence of heat treatment, and that these complexes are much more stable than the complexes trapped by camptothecin in unmodified DNA. The top1 cleavage complexes observed with the BaP dA adducts were also more stable, albeit partially reversible, to salt reversal than those trapped by camptothecin in unmodified DNA (see Fig. 10 in supplemental material at www.pnas.org). Furthermore, 5Ј-end labeling of the oligonucleotide substrate demonstrated that DNA cleavage in the presence of the BaP-dA adduct was caused by covalent binding to the protein (see Fig.  11 in supplemental material) . Thus, the observed lack of reversibility did not result from enzyme-catalyzed hydrolysis of the DNA. These results demonstrate that the trans-N 6 -BaP-dA adducts, when intercalated either at the normal cleavage site or between the ϩ1 and ϩ2 positions, result in the accumulation of top1 cleavage complexes by inhibiting their religation.
Trapping of top1 Cleavage Complexes by the Intercalated BaP DE-2 dA
Adducts Is Dependent on the Intercalation Position. To delineate further the influence of the intercalation position on top1 activity, we next introduced BaP DE adducts on the dA residue in the nonscissile strand at position Ϫ1. The hydrocarbon portion of the trans-R adduct at this position intercalates at the scissile bond between the Ϫ1 and ϩ1 position (see Fig. 5A ). This trans-R adduct resulted in the accumulation of top1 cleavage complexes at the normal cleavage site, thereby generating a 13-mer DNA cleavage product (compare lanes 3 and 5 in Fig. 5B) . A minor 15-mer cleavage product was also observed. In contrast, the trans-S dA(Ϫ1) adduct on the nonscissile strand, which intercalates between the Ϫ2 and Ϫ1 positions (see Fig. 5A ), had markedly different effects. Cleavage at the normal top1 site (Ϫ1͞ϩ1) was not detectable, whereas cleavage complexes accumulated at the Ϫ2͞Ϫ3 site, thereby generating a 15-mer cleavage product. Thus, intercalation at the top1 cleavage site, between positions Ϫ1 and ϩ1, traps the normal cleavage complex when the intercalating agent is covalently attached to either the scissile [trans-R dA(ϩ1)] or nonscissile [trans-R dA(Ϫ1)] strand. In contrast, when intercalation is immediately upstream from the top1 cleavage site between positions Ϫ2 and Ϫ1 [trans-S dA(Ϫ1)], cleavage at the normal site is not detected. In no case (data not shown) was cleavage of the lower strand observed.
Discussion
The present study demonstrates that trans-N 6 -BaP DE-2 dA adducts can act as potent inhibitors of top1 cleavage and religation. It also suggests how DNA intercalators can trap top1 cleavage complexes, depending on the position of the intercalator relative to the top1 cleavage site. Because both the solution conformations (NMR structure) of certain adducts in DNA and the crystal structure of human top1 are known, our results have structural implications regarding top1-DNA interactions.
Stacking of topoisomerase poisons with the DNA base pairs immediately flanking the topoisomerase cleavage site was initially hypothesized as the mechanism of poisoning of topoisomerase II by several inhibitors of this enzyme (34) (35) (36) (37) (38) . The base-stacking hypothesis has been extended to top1 poisons (camptothecins) (6, 39) . However, binding of camptothecin to DNA is weak (40, 41) . We recently proposed, on the basis of structure-activity studies and base-specific alkylation experiments with a camptothecin derivative (42) , that camptothecins intercalate between the base pairs flanking the top1 cleavage site (Ϫ1͞ϩ1) in the enzyme-DNA complex (43). Redinbo et al. (7) proposed an alternative model in which camptothecin is also bound between the Ϫ1 and ϩ1 bases, but is associated with the ϩ1 guanine base (at the 5Ј terminus of the cleaved DNA fragment), which is rotated and flipped out of the DNA duplex. The exact geometry of camptothecin binding in the top1-DNA complexes has not yet been determined. The present data, showing that BaP adducts that intercalate between the Ϫ1 and ϩ1 base pairs trap top1 (see Figs. 2 and 5 ), are generally consistent with both models (7, 43) although detailed molecular interactions are different (see below). The finding that top1-DNA complexes trapped by the trans-N 6 -BaP DE-2 dA adducts 0, 1, 3, 10 , and 20, top1 ϩ camptothecin (10 M) for 30 min at 25°C followed by the indicated times (min) at 65°C. For the trans-R and -S adducted oligonucleotides (without camptothecin): lanes C, no treatment (control); lanes 0, 1, 3, 10, and 20, top1 for 30 min at 25°C followed by the indicated times (min) at 65°C. Size of the fragments generated by top1 with the 3Ј-end labeled oligonucleotide (including the cordycepin label) is indicated to the left of the gel. are more stable than those observed with camptothecin suggests that it might be possible to determine the structure of such complexes by x-ray crystallography.
The site of hydrocarbon intercalation of our present BaP DE-2 dA adducts relative to the normal top1 cleavage site depends on both the configuration of the adduct and whether it is bound to the ϩ1 (upper strand) or Ϫ1 (lower strand) position (Fig. 6) . Intercalation at or immediately downstream from the normal top1 cleavage site (either between positions Ϫ1 and ϩ1, or ϩ1 and ϩ2) stabilizes (traps) the cleavage complexes. These dA adducts are initially invisible to the enzyme, so that cleavage occurs at the normal site, but they subsequently act in a ''stealth-like'' fashion to trap the cleavage complexes. In contrast, an adduct intercalated immediately upstream from the normal cleavage site [i.e., trans-S dA(Ϫ1), Fig. 5 ] was visible to the enzyme and suppressed top1 cleavage at this site, as no cleavage was observed at this site even in the presence of camptothecin (data not shown). Instead, cleavage occurred at a different site to give a 15-mer product (Fig. 5B, lane 7) . This adduct [trans-S dA(Ϫ1)] is intercalated immediately downstream from the new cleavage site [in the same position relative to the cleavage site that resulted in trapping of the 13-mer by the trans-S dA(ϩ1) adduct]. Thus, it is not surprising that the 15-mer cleavage product does not readily religate and is observed in the absence of camptothecin. On the basis of our previous observations of multiple cleavage sites for this substrate containing BaP DE-2 dG adducts (15), we presume that the catalytic site of top1 can bind and interact at several different positions on the oligonucleotide. However, binding and͞or reaction of the enzyme at these alternative sites is less favorable than at the normal position, and consequently becomes kinetically competitive only when the normal cleavage is prevented.
The present results with intercalated dA adducts at or immediately downstream from the normal (ϩ1͞Ϫ1) cleavage site contrast with our previous observations (15) that a minor-groove trans-BaP DE-2 adduct at dG(ϩ1) suppressed top1 cleavage at this site regardless of the orientation of the hydrocarbon [trans-S adduct toward the 5Ј side of the adducted base, and trans-R adduct in the opposite orientation (16) ]. This difference between intercalated and minor-groove-bound adducts is consistent with the importance of minor groove contacts at the ϩ1 and ϩ2 positions relative to the top1 cleavage site (7, 8) . Preliminary modeling of these minor-groove N 2 -dG adducts in DNA indicates strong steric clashes between the adduct, in either orientation, and Arg-364 and Asp-533 of top1 (data not shown).
Intercalated cis-N 2 -dG(ϩ1) adducts at this same location also completely block top1-mediated cleavage at the normal site (15) . Unlike the present trans dA adducts at the same position in the oligonucleotide, these cis-N 2 -dG(ϩ1) adducts appear quite visible to the incoming top1, presumably because of their distortion of the duplex. Whereas little perturbation of the normal DNA structure occurs when trans dA adducts intercalate, the cis-N 2 -dG(ϩ1) adducted base and its base pairing partner are flipped out of the helix and are replaced by the hydrocarbon, forming a bulge in the DNA structure (16) . Fig. 7 describes a hypothetical model to explain the inhibition of top1-mediated DNA religation when the DNA substrate contains the trans-R BaP DE-2 dA adduct in the lower, nonscissile strand at the normal cleavage site (see Figs. 5 and 6 ). Upon cleavage of the DNA containing the trans-R dA(Ϫ1) adduct, we speculate that the ϩ1 guanine on the scissile upper strand rotates out of the duplex, and this appears to relieve the stress induced by the adduct on the ϩ1 guanine, and consequently on the scissile strand. As a result, the ''relaxed'' ϩ1 guanine is now lowered relative to its plane of exit (see Fig. 7) . A similar mode of ''flipping'' the base out of the duplex is observed in several crystal structures of enzyme-DNA complexes (44, 45) , as well as in a duplex DNA with a BaP adduct opposite to a mismatch (19) . We propose that reentry of the ϩ1 guanine into the DNA duplex is then hindered by the intercalated BaP DE adduct, and that the 5Ј-hydroxyl of the dG(ϩ1) is prevented from attacking the enzyme tyrosyl-DNA phosphate bond.
The trans-S dA(ϩ1) and trans-R dA(ϩ1) substrates present a different case in that the adduct is attached to the ϩ1 adenine on the scissile upper strand (Fig. 6) . If the adducted adenine is rotated out of the duplex (as is the ϩ1 guanine in Fig. 7 ), both DNA strands can then ''relax.'' When the adducted adenine then attempts to reenter the duplex there is likely a steric clash, which blocks entry into the now ''relaxed'' DNA duplex and again results in an irreversible cleavage complex (Fig. 4) . Fig. 6 ] on the lower, nonscissile, strand. The view is looking up at the major groove with the catalytic tyrosine, Tyr-723, in black. We speculate that when top1 makes a covalent complex with the BaP DNA at Tyr-723, the adduct will force the ϩ1 guanine out of the duplex (see Discussion). We ''flipped'' the ϩ1 guanine out of the duplex by rotating the nucleoside around the bond between the ϩ2 base backbone P and ϩ1 base O3Ј. The rotation was stopped when the ϩ1 nucleoside O5Ј came within hydrogen-bonding distance of Asp-533. This brings the guanine sugar O4Ј within hydrogen-bonding distance of Arg-488, and the guanine N-7 within hydrogen-bonding distance of Arg-590. Potential hydrogen bonds are shown by black dashes.
A model in which the ϩ1 base on the scissile strand is rotated out of the duplex suggests several additional features for top1 catalysis. The ϩ1 nucleotide residue could make three hydrogen bonds: with Asp-533, Arg-488, and Arg-590 (Fig. 7) . Consequently, the free 5Ј end of the DNA would not be entirely free to rotate, but instead would undergo controlled rotation (8) during relaxation of supercoiled DNA. Interestingly, mutation of Asp-533 to Gly results in an enzyme with enhanced religation activity relative to wild-type top1 (46) , and which is resistant to camptothecin (47) . This suggests that the hydrogen bond to Asp-533 is involved in keeping the 5Ј-hydroxyl of the ϩ1 residue away from the Tyr-723͞phosphate linkage.
Our present observations as well as our previous study of BaP DE-2 dG adducts (15) underline recent progress in the understanding of the molecular contacts between topoisomerases and their DNA substrates (7, 8, 15, (48) (49) (50) , and the potential of such structures to elucidate the molecular interactions of various ligands, including carcinogenic adducts as well as antibacterial and anticancer drugs.
